Autotrophic nitrogen removal, coupling nitritation (ammonium to nitrite) with anaerobic ammonium oxidation (anammox), offers a promising nitrogen-removal alternative, especially for post-treatment of anaerobically-treated wastewater. However, previous reports suggest that less than 90% total nitrogen removal should be expected with this process alone because over 10% of the ammonium removed will be converted to nitrate. This is caused because nitrite conversion to nitrate is required for reduction of carbon dioxide to cell carbon. However, recent research results suggest that more limited nitrate formation of only a few per cent sometimes occurs. It was hypothesized such lower nitrate yields may result from use of long solids retention times (SRT) where net biological yields are low, and providing that the ratio of oxygen added to influent ammonium concentrations is maintained at or below 0.75 mol/mol. Overall reaction equations were developed for each process and combined to evaluate the potential effect of SRT on process stoichiometry. The results support the use of a long SRT to reduce net cell yield, which in turn results in a small percentage conversion to nitrate during ammonium removal and high total nitrogen removals in the range of 90 to 94%.
INTRODUCTION
Autotrophic nitrogen removal, coupling nitritation carried out by ammonium oxidizing bacteria (AOB) with anaerobic ammonium oxidation, carried out by anammox organisms, offers an efficient nitrogen-removal alternative. Its advantages include: (1) 60% less aerating-energy utilization and 90% sludge reduction compared to the conventional nitrogen removal process, nitrification followed by denitrification ( (2) no organic source needed for denitrification, organics can instead be converted into energy in the form of methane via anaerobic treatment (Third et al. ; McCarty et al. ) ; and (3) less production of N 2 O, a powerful greenhouse gas, occurs when a single-stage design of this system is used so that nitrite concentrations in the reactor are always low and near detection levels (Kampschreur et al. ) . Fux & Siegrist () estimated autotrophic nitrogen removal achieves a 30-40% cost reduction for nitrogen removal, as well as a reduction in the environmental costs of greenhouse gas emissions. Based on these advantages and successful demonstration of anaerobic sewage treatment (Ho et al. ; Ho & Sung a, b, ; Kim et al. ; McCarty et al. ; Shin et al. , ) , there has been increasing interest in application of this nitrogen-removal process, not only for concentrated wastewaters, but also for dilute wastewaters as well (Kartal et However, autotrophic nitrogen removal has been reported to result in production of nitrate in the range of 10 to 12% of the ammonium removed. This nitrate formation is associated with the use of nitrite by anammox bacteria as the reductant for cell synthesis from carbon dioxide (Strous et al. , ) . Based upon this finding, no more than about 90% of incoming ammonium plus organic nitrogen has been reported to be directly removed by this process, the remaining being converted to nitrate (Strous et However, in a previous study with a single-stage reactor, we found that much less nitrate was formed when treating a dilute synthetic ammonium-containing wastewater when oxygen supply to the reactor was closely controlled (Kwak et al. ) . The feed contained essentially no organics or other reducing compounds that could be used for denitrification. When the oxygen supply was maintained at less than 0.75 mol O 2 per mole wastewater ammonium, nitrate production seldom exceeded 4% of the ammonium removed, and ammonium removal was largely proportional to the oxygen supplied. However, when oxygen supply exceeded 0.75 mol per mole ammonium, significant nitrate was formed through nitrification so that total nitrogen removal decreased. Total nitrogen removal of 94% or higher could be obtained with an O 2 /NH 4 þ ratio at or below 0.75 mol/mol.
The question arises as to why such high total nitrogen removals were found possible by Kwak et al. () with autotrophic nitrogen removal alone, and why nitrate formation was then so low? Possibilities suggested then are: (1) some anammox organisms may be able to use ammonium rather than nitrite as a reductant for CO 2 conversion to cells; (2) nitrate which may have been formed was removed by denitrification; and (3) in a reactor with long solids retention time (SRT), net cell yield would be low, leading to less nitrate formation. There is little experimental evidence yet for the first hypothesis, and insufficient reducing compounds were present in the study of Kwak et al. () for the second hypothesis to be supported. However, there is excellent experimental evidence for the third hypothesis (Rittmann & McCarty ) . The reduced net cell yield that results with long SRT is well known as a basic concept in environmental biotechnology. A theoretical study of the effect of SRT on nitrate formation during autotrophic nitrogen removal was conducted in order to explore this possibility further.
METHODS

Energetic and Stoichiometric equations
In order to better understand how SRT might influence the performance of a complete autotrophic system for removal of ammonium, an analysis using energetic and stoichiometric equations was developed (Rittmann & McCarty ) . Table 1 contains a summary of the six half reactions (Equations (1a)-(1f)) that were used to produce possible overall reactions of interest, and the standard free energies of formation for each. They were combined in different ways to produce the four overall stoichiometric equations contained in Table 2 , the first two of which represent energy reactions for nitritation and anammox, respectively, and the last two possible synthesis reactions for cells.
There are two overall reactions of interest, one for nitritation, and the other for the anammox reaction. Each involves a combination of energy and synthesis reactions. The two reactions need to be combined in the right proportions, the portion for the synthesis reaction is f s 0 and that for the energy reaction is f e 0 , where f s 0 þ f e 0 ¼ 1. where A is determined from reaction energetics (Rittmann & McCarty ) :
where ΔG p is the energy requirement for synthesis from CO 2 to pyruvate, which equals 113.8 kJ/e À eq for autotrophic growth when oxygen in water is used as the reductant, or 128.46 kJ/e À eq when nitrite is used as a reductant. ΔG pc is the energy for conversion of pyruvate to cells, and equals 18.8 kJ when ammonium is used for cell nitrogen or 14.5 kJ when nitrite is used for cell nitrogen. Also, ε is the energy-transfer efficiency, a value that is somewhat variable and generally close to 0.6 (Rittmann & McCarty ) . In this study, the stoichiometric equation developed by Strous et al. () was used to obtain the best-fit value for ε of 0.45. This ε value was then used for both the nitritation and anammox reactions. The value of n was taken as þ1, the appropriate value for the intermediate pyruvate formation from CO 2 . ΔG r is the free energy released per equivalent of donor oxidized for energy at pH 7.0, and was obtained from addition of appropriate Table 1 ΔG o0 values with results listed in Table 2 . An overall stoichiometric reaction for maximum cellular yield, obtained by appropriate summation of the energy generation and the synthesis reactions, was next developed using the following equation (Rittmann & McCarty ) :
Net synthesis is less in a reactor operating at long SRT than at short SRT due to the net effect of endogenous organism decay, that is, the value for f s decreases as SRT increases. For a biological reactor operating at steady-state, f s dependency on SRT can be found from the following (Rittmann & McCarty ):
where b (d À1 ) represents the organism endogenous respiration or decay rate. Thus, the overall stoichiometric reaction for operation at any SRT is given in the following, where f s þ f e ¼ 1 (Rittmann & McCarty ):
of particular interest to this study was an evaluation of the effect of SRT on nitrogen transformation products formed during autotrophic nitrogen removal. Table 2 contains a summary of the relevant energy and synthesis reactions for AOB and anammox bacteria. The overall energy reaction for AOB (Equation (7a)) is obtained by subtracting Equation (1a) from Equation (1c), and that for anammox (Equation (7b)) is generated by subtracting Equation (1a) from (1e). For AOB synthesis, oxygen in water is used as the reductant with the overall synthesis reaction (Equation (7c)) given by Equation (1f) minus Equation (1c). For anammox synthesis (Equation (7d)), (7b) and (7d), respectively, adding the two, and normalizing. For verification, the anammox reaction given by Equation (8b) was compared with the experimental results and the equation reported by Strous et al. () . They evaluated the stoichiometry of the anammox process itself based upon the rate of change of different nitrogen forms in a sequencing batch reactor (SBR) to which ammonium and nitrite were added without oxygen addition. The resulting yields should be close to maximum yields since the feeding rate was continually increased to match the rate of substrate usage. Under these conditions, they found ammonium-and nitrite-nitrogen removal rates of 18.5 and 22.4 mmol/h, respectively, and nitrate-nitrogen formation rate of 4.7 mmol/h, yielding a NO 2 À /NH 4 þ molar ratio of 1.21 and a NO 3 À /NH 4 þ molar ratio of 0.25.
RESULTS AND DISCUSSION
They then presented an overall equation that had a somewhat different stoichiometry than their experimental results:
However, we used the Strous et al. () experimental results for nitrogen species, rather than their Equation (9) formulation to arrive at the ε value of 0.45 used in Equation (3), and thus Equation (8b) construction. The nitrite and nitrate coefficients of 1.216 and 0.24 in Equation (8b) are actually closer to the Strous et al. experimental coefficients, but somewhat lower than those in Equation (9). The differences are small and so we assumed the equation we developed was sufficiently valid to proceed with the development of equations for the overall autotrophic nitrogen removal process.
The overall autotrophic nitrogen removal stoichiometry for the maximum cell yield condition (Equation (8c)) was then obtained by combining Equations (8a) and (8b) in appropriate proportions such that the nitrite produced from the AOB reaction just equaled that needed for the anammox reaction, and then normalizing to one mole of ammonium. Equation (8c) indicates that with maximum growth rates and yields, the O 2 /NH 4 þ ratio would be 0.761 and the NO 3 À /NH 4 þ ratio would be 0.107. Under these conditions then, 11% of the ammonium removed would be converted to nitrate. With the fixed-film single-stage autotrophic nitrogen removal reactor operated at steady-state by Kwak et al. () 
Combined reaction for maximum yield case
Combined reaction for one-fourth of maximum yield case (f s ¼ 0.25f s 0 for AOB and anammox) (8d) NH þ 4 þ 0:754O 2 þ 0:021CO 2 þ 0:005HCO À 3 ! 0:005C 5 H 7 O 2 N þ 0:026NO À 3 þ 0:484N 2 þ 1:021H þ þ 1:474H 2 O for longer than 225 days at 25 W C with no organics and 50 mg/L ammonia-nitrogen feed, a long SRT can be expected. Then, over a subsequent period of 51 d of operation with a 1 h Hydraulic Retention Time (HRT) and a ratio of oxygen supplied to influent ammonium concentration of 0.75 mol/mol, they obtained 95 ± 4% ammonia removal, 94 ± 3% total nitrogen removal, and an effluent nitrate nitrogen concentration equal to 2 ± 3% of the ammonium-nitrogen removed. Equation (8d) for that reaction was then developed by selecting f s values for the two respective organism groups to be such that they would closely mimic their experimental results. We found this could be done by assuming an f s value for both AOB and anammox organisms equal to 0.25 times their respective f s 0 values. The resulting two equations were then combined, as was done in formulating Equation (8c) to produce Equation (8d). A question then arises as to what reactor SRT would be required to obtain these values of f s ? In order to calculate this SRT value from Equation (5), the decay rate, b, must also be known. The value of b for AOB at 25 W C is about 0.15 d À1 (Rittmann & McCarty ) . If we assume the b value for anammox organisms is similar, then from Equation (5), f s would equal 0.25 f s 0 when SRT equaled 75 d, which is perhaps reasonable for this reactor. These results suggest that the anammox reaction should be able to proceed with little nitrate formation when both a long SRT is maintained within the reactor, and the oxygen/ammonia ratio is in the range of 0.75 mol/mol or lower. Using the 25 W C organism decay rate of 0.15 d À1 , Figure 1 was developed from Equation (5) These examples illustrate the significant impact SRT is likely to have on nitrate formation as long as the oxygen supply is controlled at or below the ratio of 0.75 mole oxygen per mole ammonium in the wastewater.
CONCLUSIONS
In the autotrophic nitrogen removal process, a large fraction of nitrate, over 10%, has generally been expected due to the use of nitrite as the reductant for cell synthesis. However, recent experimental results have shown that this is not always the case; conversion of only 2 to 4% to nitrate has been shown possible, even without the presence of denitrification. One hypothesis for obtaining such low conversion was explored. That is the use of a long reactor SRT to reduce net biological synthesis, together with an oxygen/ ammonium ratio of 0.75 or less. Combined stoichiometric equations for the overall ammonium conversion process were developed and indicate that at relatively long SRT, only a small percentage conversion of ammonium to nitrate, in the range of 2%, can then be obtained. This can result in total nitrogen removals as high as 90 to 94% when only the nitritation and anammox reactions are involved. 
